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Magnetic properties of (Ga,Mn)As/GaAs superlattices are investigated. The structures contain
magnetic (Ga,Mn)As layers, separated by thin layers of non-magnetic GaAs spacer. The short period
Ga0.93Mn0.07As/GaAs superlattices exhibit a paramagnetic-to-ferromagnetic phase transition close
to 60K, for thicknesses of (Ga,Mn)As down to 23 A˚. For Ga0.96Mn0.04As/GaAs superlattices of
similar dimensions, the Curie temperature associated with the ferromagnetic transition is found to
oscillate with the thickness of non magnetic spacer. The observed oscillations are related to an
interlayer exchange interaction mediated by the polarized holes of the (Ga,Mn)As layers.
I. INTRODUCTION
The recent discovery of carrier mediated ferromag-
netism diluted magnetic semiconductors (DMS) such
as (In,Mn)As1,2 and (Ga,Mn)As3,4 has due to poten-
tial applications in magnetic memories, spin injection
and quantum computing devices generated intense
interest. In this context low dimensional structures
are particularly interesting and superlattices (SL) of
thin ferromagnetic semiconductors layers separated
by non-magnetic spacers are presently in focus. In
previous studies of superlattices with (Ga,Mn)As as
the magnetic layer and (Al,Ga)As or (In,Ga)As as
non-magnetic spacers5,6, the ferromagnetic properties
were lost decreasing the thickness of the magnetic layer
below 50 A˚. Also, a recent Monte Carlo simulation
study of the magnetic order resulting from the indirect
exchange interaction between magnetic moment in a
AlAs/(Ga,Mn)As quantum well, obtained a lower limit
for the width of the quantum well below which no
ferromagnetism was observed.7,8.
Recently, ferromagnetic ordering was detected
in AlAs/(Ga,Mn)As heterostructures9 containing
(Ga,Mn)As layers thinner than 50 A˚. In the present inves-
tigation, we observe 1) a paramagnetic-to-ferromagnetic
phase transition for (Ga,Mn)As/GaAs superlattices with
a thickness of (Ga,Mn)As as small as 23 A˚[i.e. 8 molecu-
lar layers (ML)] and 2) an oscillatory interlayer exchange
interaction in Ga0.96Mn0.04As/GaAs superlattices with
varying thickness of GaAs spacer.
II. EXPERIMENTAL
Two sets of superlattices of the type
(Ga,Mn)As(nML)/GaAs(mML) were produced by
Molecular beam epitaxy (MBE). Set A is composed of
SL with (Ga,Mn)As layers containing 7 % of Mn, and
n=8,10,12ML/m=4ML (denoted as 8/4, 10/4 and 12/4),
as well a structure with n=12ML/m=6ML (12/6) for
comparison. The SL were grown at Tg=200
oC. Set B
is constituted of SL with (Ga,Mn)As layers containing
4 % of Mn, a fixed m=8ML, and varying n. SL with
n=1,3,5,7 and 9ML were prepared at Tg=200
oC, while
SL with n=4,6,8 and 10 were grown at Tg=220
oC.
The SL were grown in an MBE system (KRYOVAK)
equipped with an As2 valved cracker source. As sub-
strates we used semi-insulating, epiready GaAs(100)
AXT wafers. The MBE growth of superlattice struc-
tures was preceded by standard high-temperature
(HT) growth of a 5000 A˚thick GaAs buffer. Then the
substrate temperature was lowered to Tg and stabilized
for 1 hour. Afterward SL structures were grown with
30 s growth interruptions at each interface. For all the
samples the number of repetitions was equal to 100.
The quality of the SL was checked by X-ray diffraction
(XRD). The recorded (004) Bragg reflections were well
reproduced by calculations10, and the parameters of
each SL structure (thickness of the constituent layers
and (Ga,Mn)As composition) deduced from the fittings
are in good accordance with the ones measured by
RHEED oscillations during the film growth10.
Magnetization measurements were performed using a
Quantum Design MPMS5 Superconducting QUantum
2Interference Device (SQUID). The zero field cooled
(ZFC) and field cooled (FC) magnetizations of the SL
were recorded in a small magnetic field (H=20Oe),
applied in the plane of the superlattices.
III. RESULTS AND DISCUSSION
Figure1 shows the temperature dependence of the
ZFC and FC magnetizations for the first set of super-
lattices (set A). The non-Brillouin like appearance of
the M(T ) curves is typical of ferromagnetic (Ga,Mn)As
samples, and in this respect, there is little difference
comparing the results obtained for the present SL and
those obtained for thick (Ga,Mn)As reference samples11.
Moreover, the ZFC and FC curves coincide in almost
the entire temperature range investigated, indicating
low coercivity high quality films. The SL exhibit
clear paramagnetic-to-ferromagnetic transitions around
TC ≈ 60K (In these systems, it is common to define
Tc as the temperature were some onset of magnetic
ordering appears). The ferromagnetic ordering of SL
with similar dimensions has also been observed using
neutron diffraction12, as well as FMR measurements13.
Transport measurements on this set of SL reveal a
metal-insulator transition occurring close to TC
14, as
observed in ferromagnetic single layers11,14, as well as a
relatively large magnetoresistance. In addition, the 12/6
SL exhibits almost identical characteristics comparing
to the 8/4 SL; it can be seen on Fig. 1 that 8/4 et
12/6, with the same average Mn content of 4.67 %
have very similar magnetization vs. temperature curves.
This indicates that for this serie of SL, a “digital alloy”
model15 applies, implying that two SL having the same
average Mn concentration in the structure will exhibit
similar magnetic properties. The same applies when
comparing 8/4 to 10/4 and 12/4: The temperature
onset of ferromagnetic behavior increases from 8/4 to
12/4, following the average Mn concentration, which
increases from 8/4 to 12/4, as observed for single layers
of (Ga,Mn)As3,11,13. The “digital alloy” model for the
second set of superlattices (set B): As seen in Fig.2, the
SL with 4 % Mn and 8/4 (c.f. Fig. 2 (b)) and thus an
average Mn content of about 2.5 % has a Tc around
35K, close to the value obtained for single layers11.
Additional effects related to the superlattice structure
are evidenced. The paramagnetic-to-ferromagnetic tran-
sition of very thin single layers of (Ga,Mn)As deposited
on a GaAs substrate is not as sharp as that of thick sin-
gle layers. The M(T ) curves of such thin layers16 (with
thicknesses below 100 A˚) are instead very broad17. This
broadness could be related to some degree of magnetic
inhomogeneity, as observed in (Ga,Mn)As layers contain-
ing very large amount of Mn11. Such inhomogeneity
implies that some regions of the sample have stronger
coupling than others, yielding the observed broad mag-
netization curves, as predicted theoretically by Berciu
and Bhatt18. In the case of the present superlattices,
containing even thinner layers of (Ga,Mn)As, the M(T )
curves appear sharper. These curves are, as mentioned
above, similar to those obtained for thick (Ga,Mn)As sin-
gle layers. Boselli et al.8 showed in Monte Carlo simu-
lations that in such a superlattice structure, the holes
with spin down (compared to the magnetic layer) were
confined within the layer, so that enough holes were
available to establish a ferromagnetic interaction in the
system; the obtained hole concentration increasing with
the number of repetitions in the SL. A coupling be-
tween different (Ga,Mn)As layers could also strengthen
the ferromagnetic interaction in the structure. Looking
again at Fig. 2, one observes that the ferromagnetic-to-
paramagnetic transition temperature of the SL of set B
oscillates with the thickness of the non-magnetic spacer
layer. These oscillations are similar to those observed in
metallic multilayers19. In these systems, magnetic lay-
ers are coupled through a nonmagnetic metal, and the
interlayer exchange coupling depends on the thickness of
the nonmagnetic spacer20. The oscillations of this cou-
pling, and thus of TC , are usually related to Friedel os-
cillations created by magnetic impurity atoms in non-
magnetic hosts. The Ruderman-Kittel-Kasuya-Yosida
(RKKY) model predicts that the polarized charge car-
riers will mediate a magnetic interlayer interaction vary-
ing with the distance r as J(r) ∝ (1/r2)sin(kr), where k
is a constant. The oscillations of TC in the present sets
of superlattices could thus be related to a RKKY-like21
oscillating interlayer interaction mediated by polarized
holes through the GaAs layers.
IV. CONCLUSION
The magnetic properties of two sets of short period
(Ga,Mn)As/GaAs superlattices have been investigated.
Contrary to earlier reports, a ferromagnetic interaction
is observed in superlattices with (Ga,Mn)As thicknesses
down to 23 A˚. In addition, signatures of an interlayer
exchange coupling between the magnetic layers of the
structure are observed.
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FIG. 1: Temperature dependence of the ZFC and FC mag-
netization for set A (superlattices with 7 % of Mn); H=20
Oe.
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FIG. 2: Temperature dependence of the FC magnetization
for set B (superlattices with 4 % of Mn, grown at (a) 200oC
and (b) 220oC); H=20 Oe. The inset depicts the oscillation
of TC with the number of GaAs monolayers for the SL grown
at 200oC.
